Abstract: This paper describes the development and function of an optical fiber temperature sensor made out of a compound of epoxy and optical glass particles. Because of the different thermo-optic coefficients of these materials, this compound exhibits a strong wavelength and temperature dependent optical transmission, and it therefore can be employed for fiber optic temperature measurements. The temperature at the sensor, which is integrated into a polymer optical fiber (POF), is evaluated by the ratio of the transmitted intensity of two different light-emitting diodes (LED) with a wavelength of 460 nm and 650 nm. The material characterization and influences of different sensor lengths and two particle sizes on the measurement result are discussed. The temperature dependency of the transmission increases with smaller particles and with increasing sensor length. With glass particles with a diameter of 43 µm and a sensor length of 9.8 mm, the intensity ratio of the two LEDs decreases by 60% within a temperature change from 10℃ to 40℃.
Introduction
Fiber optic temperature sensing enables monitoring in particular surroundings such as microwaves or explosion sensitivity [1] [2] [3] [4] . Commercially, available fiber optic temperature sensors often use a semiconductor-chip, which has an absorption edge that moves with the temperature [5, 6] . Other sensors utilize Bragg gratings [7] [8] [9] or the temperature-dependent fluorescence intensity of certain materials [10] to measure the temperature. Another way is to analyze the Raman scattering in a glass fiber [11] or to analyze the temperature with a Fabry-Pérot interferometer (FPI) [12, 13] or with a Mach-Zehnder interferometer [14] integrated into an optic fiber. Also stimulated Brillouin scattering can be used for distributed temperature measurement [15, 16] whereby the scattered frequency depends on the temperature of the fiber.
Most temperature sensing applications use glass fibers for information transport and measurement. Nevertheless, the use of a polymer optical fiber (POF) has several advantages: POFs have low costs, high elastic strain limits, and high fracture toughness, [17] which enable sensing in deforming structures [18] amongst others.
Glass-filled polymers have a large field of applications in a wide variety of polymer parts. Glass as a filler is used to enhance the mechanical properties [19] , to reduce the thermal expansion [20, Photonic Sensors 296 21] or to cause light scattering in backlight units of displays [22, 23] .
Applied in transparent polymers, glass fillers with a similar refractive index (RI) to the polymer generally cause a RI difference dependent transmission [24] [25] [26] . The RI difference of a single material changes with the wavelength of the incident light (dispersion) and with the temperature (thermo-optic coefficient). The thermo-optic coefficient n rel /T of optical glass has a value between -5.410
6 K 1 and 32.210 6 K 1 [27] , while polymers have a negative thermo-optic coefficient, which is nearly two orders of magnitude higher [28] . This paper shows fiber optic temperature measurement with a compound comprised of glass particles and epoxy. The different thermo-optic coefficients and dispersions of the utilized glass particles and polymer cause a high temperature dependence of the transmission. The first experiments of this measuring principle with oil as the matrix have been reported before [29] . The described fiber-optic sensor is very compact in size and has the potential for low-cost production. It also enables the temperature evaluation by intensity measurements, therefore no spectrometer is needed.
Methodology

Sample preparation
For the investigations described in this paper, the transparent epoxy SpeciFix40 (Struers) was chosen as the matrix because of the high transparency and low shrinkage along with glass particles (N-BAK1, Schott) as the filler material. The SpeciFix40 system consisted of the resin and a curing agent which contains 3-aminomethyl-3,5,5-trimethylcyclohexylamine and benzyl alcohol. The RI of the glass was calculated with the Sellmeier Equation using the Sellmeier coefficients given from the manufacturer:
where i B and i C are the Sellmeier coefficients, and  is the wavelength in µm.
This glass was selected for its matching RI with the polymer matrix in the visible range which is necessary for the RI measurements described later. Table 1 summarizes some relevant properties of the employed glass and polymer.
The bulk glass was crushed and then sieved to produce particles in two different size ranges. The therefore employed two laboratory sieves have mesh widths of 63 µm and 90 µm. The resulting particles vary between 0-63 µm and 63 µm-90 m. Afterwards, the glass particles, sieved with a mesh width between 63 µm and 90 µm, were washed in a supersonic bath to remove any residual dust particles. Table 1 Relevant properties of the epoxy and glass.
Material property
Epoxy: Specifix40
Glass: N-BAK1
Density (g/cm³) 1.1 (1) 3.19 (1) Total Transmission (%) 91.28 (2) internal transmittance at 546 nm (10 mm): 99.8 (1) Coefficient of thermal expansion [m/(mK)]
1.210 6 (546 nm, +20/ +40℃) (1) RI n D (20℃) (-)
1.573 (1) 1.569 (4) 1.57250 (1) (1) Manufacturer information; The sensor elements for temperature measurements were prepared via casting of the particle filled polymer in silicone molds. In order to obtain a high filling degree, the resin and curing agent in a ratio of 2.5 to 1 by weight and glass particles were mixed together in a test tube. Then it was waited for 30 minutes to let the particles settle down at the bottom of the tube. From there the mixture was filled into the silicone mold. A section of a polished POF (Hitronic POF Simplex) was attached to each end of the sensor element to connect the sensor to the light guides (Hitronic POF Simplex) during temperature sensing afterwards. Figure 1 shows a cross section of the mold with the attached fiber sections and the completed sensor element. After the casting, the polymer was cured in the mold for 24 hours at room temperature and then cured for 3.5 hours at 50℃ in an oven. A list of the different produced sensor elements is given in Table 2 .
An unfilled specimen (resin and curing agent) with a size of 50 mm10 mm10 mm was casted following the same curing procedure. This one was used for the measurement of the polymer's RI with the Abbe refractometer. 
Sample characterization
The filling degree of the sensor elements was determined with TGA measurements (TGA Q 5000, TA instruments). Within the TGA measurement, the sample was heated up to 800 ℃ in an oxygen atmosphere while measuring the weight. By the end of the heating, the polymer had evaporated completely, as unfilled specimens have shown before. The weight portion of the remaining glass particles was converted into the percentage of glass particles by volume.
The volumetric particle-distribution was determined by the measuring instrument "Morphologi G3" of Malvern instruments.
The RI n D (wavelength: 589 nm) of the polymer at different temperatures was analyzed with the Abbe-Refractometer AR2008 (Kruess) at the therefore prepared unfilled specimen. A thermostat was used to induce different temperatures (10℃, 20℃, and 40℃) at the refractometer, and bromine naphthalene was applied as a contact liquid. The polymer's thermo-optic coefficient was calculated from its change in n D with the temperature.
The polymer's RI with respect to the wavelength was determined by transmission measurements through the longest sensor element:
A matching RI between the filler and matrix leads to a maximum transmission. Therefore, the transmission of three LEDs (460 nm, 520 nm, and 595 nm) was analyzed by measuring the transmitted light intensity with a PIN-photodiode. The temperature at the sensor element was varied between -15℃ and 60℃ during each measurement. The result was the temperature of a maximum transmission at each of the three wavelengths corresponding to a matching RI between the filler and matrix. With the given glass' RI and the polymer's thermo-optic coefficient, the polymer's RI at 20 ℃ was calculated for these three wavelengths. The polymer's RI in the range between 350 nm and 750 nm was approximated with Cauchy's equation afterwards: 2 4 ( )
The schematic setup for the fiber optic temperature measurements is given in Fig. 2 . The light of two pigtail-LEDs with wavelengths of 460 nm and 650 nm was guided through a splitter and a POF to the sensor element. The transmitted light by the sensor element was guided through another POF to a PIN-photodiode (Diemount Gmbh). The software DASYLAB with the measurement device DAQ3000 was employed to operate the The voltage U M linearly depends on the reverse current of the PIN-photodiode which itself is a linear function of the incident light. The LEDs were operated one after another for 3.3 seconds each. For another 3.3 seconds, the ambient light was collected while the LEDs were switched off. Consequently, about every 10 seconds three voltage values were collected: one for each wavelength and one for the ambient light.
Results and discussion
Material properties
The average filling degree of the sensor elements is 30. The sensor element's maximum transmission of the three LEDs, which have been utilized for RI measurements, is located at a temperature of -6.5℃ (460 nm), 14.9℃ (520 nm), and 43.6℃ (595 nm), as shown in Fig. 3 . The polymer's wavelength dependent RI at 20℃ is calculated out of these three points of a matching RI. The Cauchy coefficients for the RI at 20 ℃ are: A=1.546, B=7.00110
3
, and C=2.89510 4 , as shown in Fig. 4 (a). The RI of the polymer declines almost linearly with increasing temperature in the analyzed range, as shown by refractometer measurements in Fig. 4(b) . The value of the calculated average thermo-optic coefficient is -1.5110
-4 K 1 , of which the absolute value is two magnitudes higher than the glass' one. Reasons therefore may be the different thicknesses of the specimens which influence the
temperature during curing, and therefore, the curing properties [30, 31] . Figure 5 shows the temperature and the voltage U M (for a wavelength of 460 nm and 650 nm) with respect to the time for sensor elements with different lengths and a particle size of d 50.3 =43 m. The change in the voltage per temperature increases for the two wavelengths with the length of the sensor element.
The percentage change in the intensity (voltage at 10℃=100%) was evaluated for different sensor lengths and two different particle sizes in Fig. 6 . This result shows that longer sensors and smaller particles increase the dependency on the temperature. This is meant to be caused by the consequential larger scattering interface between the particles and the matrix [24, 32] . Figure 7 (a) shows the temperature dependent voltage ratio (corresponding to the intensity ratio at the photodiode) of the sensor elements with a particle size of d 50.3 =43 m. The curves' slope increases with the length of the sensor elements due to the reasons described above. Additionally, the experiments show that the material combination almost exhibits a linear behavior of the intensity ratio in the investigated temperature range from 10℃ to 40℃. The sensor element with a length of 9.8 mm and particle size of d 50.3 = 43 μm shows the strongest decline in the intensity ratio of -60% for a temperature change of 30 ℃ (Fig. 7(b) ). In comparison, the transmitted intensity of a sensor based on thermochromic material increases by 41% between 0 and 30℃ [33] . The intensity ratio of the Stokes line to the anti-Stokes line of a typical temperature Raman sensor increases by about 10 % (0.28 to 0.31), the Brillouin frequency (Brillouin sensor) increases about 0.3 % (12.78 GHz to 12.82 GHz) and the Bragg wavelength of a typical Fiber Bragg Grating sensor increases by 0.02% (832.64 nm to 832.81 nm) with a temperature shift from 0 to 30℃ [34] .
Consequently, in order to build a high resolution sensor it is useful to employ materials with strong differences in the thermo-optic coefficients. As shown above, also small fillers and long scattering distances lead to more accurate measurements.
Nevertheless, potential negative influences on the transmission have to be taken into account. Several heating and cooling cycles may cause debonding of the particles and the matrix due to thermal stresses which might reduce the overall transmission. Also other disturbing influences on the measuring result, like yellowing because of the polymer's aging or RI changes because of the absorption of water or chemicals, have to be respected.
Conclusions
This paper shows the implementation of a fiber optic temperature sensor based on different thermo-optic coefficients of a polymer and glass particles. The wavelength dependent RI of the polymer was determined by the analyzation of the materials' matching RI, which led to a maximum transmission of the compound. The influences of the sensor length and two different particle sizes on the temperature measurement are described in the paper, whereas small particles and long sensor elements increase the temperature dependent scattering and therefore the sensor's potential accessible accuracy. With a particle size of d 50.3 = 43 µm and a sensor length of 9.8 mm, the intensity ratio of the two applied LEDs decreases by 60% within a temperature change of 30 ℃.
